Sand production is one of the major problems in sandstone reservoirs. Different mechanical and chemical methods have been proposed to control sand production. In this paper, we propose a chemical method based on using polyacrylamide/ chromium triacetate hydrogel to investigate sand production in a synthetic sandpack system. To this end, a series of bulk experiments including the bottle test and rheological analysis along with compression tests were conducted. Experimental results indicated that the compressive strength of the sandpack was increased as much as 30 times by injecting 0.5 pore volume of hydrogel. Also, it was found that the increases in cross-linker and polymer concentrations exhibited a positive impact on the compressive strength of the sandpack, mostly by cross-linker concentration (48 psi). Hydrogel with a higher value of cross-linker could retain its viscoelastic properties against the strain which was a maximum of 122% for 0.5 weight ratio of cross-linker/polymer. The presence of salts, in particular divalent cations, has a detrimental effect on the hydrogel stability. The maximum strain value applied on hydrogel in the presence of CaCl 2 was only about 201% as compared to 1010% in the presence of distilled water. Finally, thermogravimetric analysis and its derivative showed that the hydrogel could retain its structure up to 300°C. The results of this study revealed the potential application of the hydrogel to control sand production.
Introduction
Sand production is one of the common problems in oil and gas production wells drilled in unconsolidated formations (Fattahpour et al. 2012) . The abrasive flow of sand grains inside the wells and production lines leads to undesirable consequences including erosion of downhole or wellhead equipment, clogging of downhole equipment, subsidence of formation rock, walls destruction, reduction in reservoir recovery, maintenance cost, and in severe cases even death of the well (Ikporo and Sylvester 2015; Isehunwa and Olanrewaju 2010; Pedersen et al. 2017; Singh and van Petegem 2014) . Sand production begins when the imposed in situ stresses on the formation exceeds the in situ formation strength (Gholami et al. 2016) . On the contrary, sand consolidation usually happens when the natural bonds attach the grains by the cement materials in formations (Marfo et al. 2015) .
There are several mechanical methods to reduce sand production such as screens, slotted liners, expandable sand screens (Cholet 2000) , and improvement of the perforating operation during the well completion. However, mechanical methods are often time-consuming and costly in the production process (Kotlar et al. 2008) . Chemical methods are an alternative method for a poorly consolidated formation that produces a lot of sand (Kotlar et al. 2005) . These methods were implemented based on the injection of chemical components around the wellhead to consolidate the formation rock to reduce the further movement of sand grains (Maduabuchi et al. 2017) .
In general, chemical methods have been divided into two groups (Bellarby 2009 : (1) gravels as a downhole filter (screen-free), and (2) in situ consolidation by injection of compatible fluid and artificial attachment of sand grains near the wellbore. For this purpose, the fluid is injected into the formation pores through the perforations which hardens after coating the sand grains and reduces excess sand movement during the production operation. In this approach, fluid injection must be implemented at the desired time at which the production rate exceeds a critical value (Bellarby 2009 ). Besides, the chemical method can be carried out in two ways: by oxidation of a hydrocarbon material that saturates the sand around the wellbore (Aggour and Abu-Khamsin 2004 ) and injection of polymeric or non-polymeric components into the formation rock (El-Sayed et al. 2001; Kotlar et al. 2005 Kotlar et al. , 2008 Wasnik et al. 2005) .
Resins mostly are applied in sand control studies in which, in those cases, liquid polymeric resins have the ability to change phase to solid (Marfo et al. 2015) . Although resins are frequently used as a consolidation fluid in chemical methods, application of these materials is unpleasant under environmental and economic perspectives, due to their tendency to reduce the formation permeability (Sydansk 1992 ). In the case of operational feasibility, resins could not be easily embedded in the formation rock. Improper and unsafe aspects of fluid caused by acids and solvents as well as problems such as the application of surface equipment and pumping systems are among the other constraints of using resin materials (Villesca et al. 2010) . Regarding the limited time of pumping, injection of highly viscous resin solutions into the formation leads to unsatisfactory operation of the formations with permeability less than 50 mD (Sydansk 1988) . Therefore, it is essential to use consolidating materials, which are environmentally friendly and costeffective, to control sand production.
According to the previous studies, one could imagine the potential application of hydrogel to remedy sand production compared to other chemical methods mainly due to its lower required concentration, adjustable viscosity, and good injectivity (Bai et al. 2015; Karimi et al. 2014) . Hydrogels are formed by mixing a polymer solution with an appropriate cross-linker solution at a specific temperate Li et al. 2007) .
Besides, the formation strength is one main factor that must be considered when investigating sand control mechanisms. To this end, one could perform a uniaxial compression analysis to obtain the highest stress that the sand formation can tolerate during the compression process (Mishra and Ojha 2016a, b) . When one exceeds the highest stress, the sand formation loses its mechanical strength and sand grains start moving by fluid flow. In the previous studies, the magnitude of the compressive strength was used to evaluate sand consolidation in which the higher the compressive strength, the more stable the sands (Mishra and Ojha 2016b) . We also measured the compressive strengths of sand samples after hydrogel injection.
In this study, we used polyacrylamide as polymer and chromium triacetate as the cross-linking agent to generate hydrogel as a sand consolidation agent. To this end, the hydrogel's strength and its composition effect on the compressive strength of the sandpack were investigated to indicate whether the sand consolidation might be increased by hydrogel and the hydrogel strength would be effective in sand control or the hydrogel structure might be independent of its strength in increasing the compressive strength of sand. Therefore, a set of experiments including bottle tests, rheological analyses and compression tests along with thermogravimetric analysis (TGA) were performed. Also, the effect of mono and divalent cations and temperature on the hydrogel stability was studied.
Experimental

Materials
Hydrolyzed acrylamido propyl sulfonated acid (polyacrylamide polymer sodium salt, trade name of AN125, molecular weight (MW) of 8.0 9 10 6 , sulfonation degree of 25%, and water content of \ 10 wt%) was purchased from SNF Co. (Saint-É tienne, France). Chromium triacetate, Cr(OAc) 3 , (Carlo Erba Co., Italy) was used in powder form as a cross-linker. Distilled water was used as a solvent for preparation of hydrogels. NaCl, KCl, CaCl 2 Á2H 2 O, and MgCl 2 Á2H 2 O (Merck, Germany) were used to prepare synthetic formation water based on the composition of actual formation water of one of the Iranian reservoirs and to study the effect of mono and divalent ions.
Synthesis of hydrogel
In this work, sulfonated polyacrylamide cross-linked with Cr(OAc) 3 was mixed at room temperature to prepare the gelant solution which becomes gel at a defined time and temperature. Firstly, an aqueous solution of polymer was mixed for 24 h to ensure a complete homogeneous solution using an overhead stirrer (HS-30D, Daihan Scientific Co., Korea). Thereafter, a cross-linker solution was prepared by adding Cr(OAc) 3 to distilled water and then stirred at room temperature for 5 min using a magnetic stirrer (Stuart CB162, UK). Then, the gelant solution was prepared by mixing the polymer and the cross-linker solutions for 10 min. It must be noted that most of the south Iranian reservoirs have high reservoir temperature, around 90°C; therefore, all experiments in this study were performed at 90°C. A set of experiments, as shown in Fig. 1 , were designed and carried out to investigate the strength of hydrogels with desirable composition in sand control.
Bottle tests
In the bottle test, the time of hydrogel formation (gelation time) is measured, while the hydrogel is not under stress or shear (Akhlaghi Amiri and Hamouda 2014; Salimi et al. 2014) . Generally, the bottle test is a simple and fast method to evaluate the gelation time, gel strength, heat resistance, syneresis time (Karimi et al. 2016; Li et al. 2016) , and to determine the hydrogel composition of cross-linker and polymer (Adewunmi et al. 2017) . The samples were transferred into high thermal resistance glass tubes (70 mL, Simax, Italy) and were kept at 90°C in an UN55 oven (Memmert, Germany). The glass tubes were inverted at various time intervals, and the corresponding gel properties were recorded under the influence of gravity. The hydrogel strength was determined as alphabetical codes of A, B, C, D, E, (fluid hydrogel) F, G, H, (non-fluid hydrogel), I, and J (rigid gel) (Karimi et al. 2014; Sydansk and Argabright 1987) . Code H was selected in this research as a desired hydrogel because of its suitable strength and stability.
Rheological tests
The viscoelastic behavior of a polymeric system is best shown when a periodic shear strain is applied to it (periodic regimes) (Yanovsky 1993) . In this case, c i / exp Àiwt ð Þ, where x is the angular frequency of deformation. The storage modulus, G 0 , and loss modulus, G 00 , are experimentally measured to illustrate the dynamic viscoelastic properties of the polymeric system (Salimi et al. 2014) . They are real and imaginary parts of the complex dynamic modulus (Liu and Seright 2000; Mousavi Moghadam et al. 2014) :
The ratio of loss modulus to storage modulus is referred to as loss factor or loss tangent:
In an elastic solid,
completely. However, in a viscous fluid, d ¼ 90 or tand ¼ 1 as G 00 dominates G 0 completely. In viscoelastic materials, 0 tand 1 depends on the timescale and temperature. When the viscous and elastic behavior is equal, d ¼ 45 or tand = 1, the material is making a transition from liquid to solid or vice versa (Osswald and Rudolph 2015) . A MCR501 rheometer (Anton Paar, Austria) was used to evaluate the hydrogel strength. Using parallel-plate sensor systems has an additional advantage of the relative ease of removing the cured platelike sample from the sensor system. So, storage and loss moduli were measured using a parallel-plate rheometer (diameter of 50 mm with a 3-mm gap) in the linear strain domain, with an applied strain amplitude of 1%. The frequency was from 0.1 to 100 Hz at 90°C. The above equations were considered as the key factors for studying the rheological behavior of hydrogels. It should be noted that these parameters were varied while transferring the gelant solution to a gel.
Compression tests
The compression tests were carried out in three main steps: sandpack preparation, hydrogel injection, and compressive strength measurement. Figure 2 shows a complete schematic of this process. 
Sandpack preparation
An important issue in this research was the preparation of suitable sandstone cores for experiments because of the importance of their initial strength and similarity of their strength. Sandpack was prepared based on grain size analysis (60-1000 lm) of one Iranian reservoir with a sand production problem. The real sandstone core was pulverized and used for sandpack preparation with the same sand grain size. The grain size distribution is shown in Fig. 3 . For this purpose, sandpacks of 3.81 cm (1.5 in.) diameter and 7.62 cm (3.0 in.) length were pressed with a press machine (Shahab Machine Co., Iran) under 2 bar pressure for 10 min and then dried at 90°C. These values were kept constant during this step for all the samples.
Hydrogel injection
Generally, the hydrogel injection setup has different parts (Bravo and Araujo 2008) . Its main part is a core holder, thermal jacket, temperature controller (120°C with 1°C accuracy), injection pumps (0.01-32 mL/min and 600 bar), overburden pressure pump (ultra-high pressure hand pump from Enerpack, US, 5800 psi) to apply external pressure on the core. During the hydrogel injection, a 290 psi overburden pressure was applied, while the temperature was kept at 90°C. After placing the sandpack in the core holder at the desired temperature and pressure, the hydrogel was injected at a defined rate to prevent the destruction of the sandpack or fingering problems. Thereafter, the sandpack was kept at 90°C until the gelation time of the hydrogel was reached based on the bottle test results.
Compressive strength measurement
To evaluate the performance of the sandpack consolidated with hydrogel, the compressive strength of the sandpack after hydrogel injection, as a method of mechanical strength tests, was determined. For this purpose, the sandpack treated with hydrogel was placed in the uniaxial compression testing machine (Heico Co., India) with 100 tons capacity. The pressure gauges on two upper and lower jaws showed the compressive values of each sandpack based on its strength.
Scanning electron microscopy (SEM)
The morphology of hydrogels was examined with a scanning electron microscope (Tescan-VEGA, Czech). Before morphology observation, the hydrogel samples were dried at 60°C in an UN55 oven (Memmert, Germany) and were then gold-sputtered under vacuum prior to SEM examination.
Thermal analysis
Thermal stability indicates the ability of the hydrogel to survive the high temperature of the specific wells (Salimi
Step 1: Sandpack preparation
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Step Zhao et al. 2015) . For this purpose, the thermal stability of hydrogel was measured by TGA using a Netzsch TGA 209 F1 (Germany) under a nitrogen atmosphere. A heating curve from 25 to 600°C with a speed of 10°C/ min was set out. Based on the changing weight of the sample due to the increasing temperature (Rezakazemi et al. 2016 (Rezakazemi et al. , 2018 , the thermal strength and its performance in porous media were evaluated.
3 Results and discussion
Evaluation of hydrogel strength
In order to qualitatively investigate the hydrogel structure and its suitable gelation time, experiments were designed based on two parameters: polymer concentration (5500-11,000 ppm) and cross-linker/polymer weight ratio (0.05-0.5). The response of the hydrogel gelation time (the time required to form slightly deformable non-flowing gel (code H)) can be observed in Table 1 .
To form a hydrogel, a minimum concentration of polymer and cross-linker is needed. However, only some samples could result in a hydrogel with suitable gelation and structural strength. In this study, the minimum polymer concentration was 5500 ppm. As is shown, hydrogel formed from 9500 ppm polymer and 0.5 cross-linker/ polymer weight ratio had the shortest gelation time of 6 h, and the longest gelation time was about 4 days for the hydrogel which was formed at the conditions of the lowest polymer concentration (5500 ppm) and the highest crosslinker/polymer weight ratio (0.5). As a result, there was a wide variety in gelation time. Increasing polymer concentration and cross-linker/polymer weight ratio leads to a shorter gelation time. It seems that the hydrogel formed from 9500 ppm polymer and 0.5 cross-linker/polymer weight ratio had the most economically suitable gelation time and composition.
To better define the gelation, the viscosity was also measured at a shear rate of 10 1/s at 90°C for different hydrogels of the selected polymer concentrations and with and without cross-linker (Fig. 4) . As is shown, the effect of polymer concentration on the viscosity of the sample without cross-linker was negligible, and this can be explained by the fact that no hydrogel was formed in the solution due to the lack of cross-linker, while for the other hydrogels, their viscosity values increased along with the polymer concentration and the cross-linker/polymer weight ratio. In other words, an increase in the viscosity of gelant solution confirmed the formation of a semisolid network of the hydrogel.
The complex modulus of the synthesized gel with a lifetime of 7 days was investigated to determine the hydrogel network strength. Figure 5 shows the complex dynamic modulus of hydrogels versus the frequency which was applied with the parallel-plate geometry. The results reveal that G* increased with an increase in polymer concentration. This indicates the higher strength of the hydrogel structure and also the higher resistance to the applied strain (Mousavi . Moreover, the independent complex modulus to frequency represented the gelation of a 3D network in the hydrogel. As can be seen, there is only a slight difference between the complex modulus of two polymer concentrations 9500 and 11,000 ppm, so the 9500 ppm was selected to the rest of the study.
Effect of hydrogel injection on compressive strength
The sandpack was evacuated by a vacuum pump and then saturated with synthesized formation water. Based on the volume of formation water injected into the sandpack, the pore volume (PV) of the sandpack was calculated to be 30 mL (i.e., 1 PV = 30 mL). Afterward, a hydrogel containing 9500 ppm polymer and a cross-linker/polymer weight ratio of 0.5 was injected into the sandpack to consolidate and strengthen the sand grains. Moreover, a control sample for the following experiments was a sandpack without hydrogel injection. The compressive strength of the consolidated or treated sandpack was measured with a compression testing machine after its gelation (based on the bottle test results). As illustrated in Table 2 , the ultimate compressive strength was improved by increasing the injection volume of hydrogel. However, in order to prevent the possible formation of filter cake during the injection process, 0.5 PV of hydrogel was selected as the optimum volume which increased the compressive strength 15 times compared with the control sample.
Effect of polymer concentration on compressive strength
In this section, 0.5 PV hydrogels of various polymer concentrations (7500, 9500, and 11,000 ppm) were, respectively, injected into the sandpacks to investigate the effect of polymer concentration on compressive strength after gelation, while the cross-linker/polymer weight ratio was kept at 0.5. A sandpack control sample was also prepared for a further comparison along with other sandpacks treated by hydrogels. Experimental results listed in Table 3 revealed that the compressive strength of the control sample before injecting the gel was less than 5 psi, while it increased to 26.1 and 30.1 psi after treated by hydrogel solutions of 7500 and 9500 ppm polymer, respectively. In the same way, after being treated with the 11,000 ppm polymer hydrogel, the sandpack compressive strength increased to about 34.8 psi. Therefore, it can be concluded that the sandpack compressive strength increased with the polymer concentration. This phenomenon can be explained by the fact that the higher the concentrations of polymer and cross-linker are, the thicker layers formed on the surface of sand grains and the stronger bonds formed among them and ultimately the higher compressive strength created. Figure 6 shows SEM images of two hydrogel samples of a polymer concentration of 9500 and 7500 ppm and a 0.5 weight ratio of cross-linker/polymer, respectively. As indicated in Fig. 6a , polymer chains were covalently bonded to the support and a three-dimensional network was formed by chemical cross-linking which ensured the structural strength of the hydrogel. However, in Fig. 6b aggregation of cross-linkers in the structure of hydrogel illustrated that at a low polymer concentration (7500 ppm), an increase in cross-linker concentration had a negligible effect on networking or increase in subsequent hydrogel strength.
Effect of cross-linker concentration
on compressive strength 0.5 PV hydrogels of various cross-linker/polymer weight ratios, 0.5, 0.2, and 0.1 were injected into the sandpack to investigate the effect of cross-linker concentration on the compressive strength, while the polymer concentration was kept at 9500 ppm. As observed from Table 4 , when the hydrogel was injected into the sandpack at cross-linker/ polymer weight ratios of 0.1 and 0.2, the compressive strength of the sandpack increased from 2.2 to about 10.2 and 30.1 psi, respectively. Furthermore, when the crosslinker/polymer ratio was 0.5, the compressive strength increased to 47.9 psi, more than 20 times that of the sandpack control sample. This result showed that increasing the concentration of chromium triacetate (as a crosslinker) would improve the adsorption of hydrogel solution on the surface of sand grains (Wan et al. 2015) , so that the hydrogel could generate stronger bonds among the sand grains. On the other hand, the hydrogel strength was increased by adding the cross-linker, which linked the sand grains with a more powerful intermolecular force.
To investigate the effect of cross-linker concentration on the microstructures of the hydrogel, the dynamic viscoelastic properties were examined by strain sweep tests with an oscillatory rheometer. As is known, when an increasing strain is applied at a constant angular frequency, the object may show a constant, strain-independent response below a threshold value. The corresponding strain interval is called the linear viscoelastic region (Adewunmi et al. 2017) . A further increase in strain usually results in a drastic decrease in moduli (Gyarmati et al. 2017) . Figure 7 shows the elastic modulus (G 0 ) of the hydrogel (with a constant polymer concentration of 9500 ppm) as a function of strain (dynamic strain sweep test) at different crosslinker/polymer weight ratios. Experimental results show that the G 0 of the hydrogel with a cross-linker/polymer weight ratio of 0.5 increased substantially. Moreover, hydrogel with a higher cross-linker concentration can keep its viscoelastic behavior in a larger strain value: strain of 122% at weight ratio of 0.5 as compared to 63% and 42% for weight ratio of 0.2 and 0.1, respectively. Fig. 7 Strain dependence of the storage modulus at 90°C for hydrogels with a constant polymer concentration of 9500 ppm and at different cross-linker/polymer weight ratios Figure 8 shows the effect of polymer and cross-linker concentrations on the compressive strength. As can be seen, the compressive strength is more sensitive to the variation of cross-linker concentration so the maximum compressive strength was obtained at the higher crosslinker concentration. Therefore, the cross-linker concentration was selected in the range of 0.1, 0.2, and 0.5 at a constant polymer concentration of 9500 ppm to achieve the maximum compressive strength (47.9 psi).
Effect of electrolyte solution on hydrogel strength
In order to investigate the effect of electrolyte solution on viscoelastic properties of the hydrogel, the loss factor of the hydrogel in the presence of mono and divalent cations namely from NaCl, KCl, MgCl 2 , and CaCl 2 , which are the most available cations in the reservoir formation water, was studied at a fixed total salinity of 10,000 ppm (Fig. 9) . Based on the strain sweep test, as the strain increased to a certain value, called as the critical strain, the loss factor was negligible. However, a further increase in the strain beyond the critical value caused the loss factor to increase suddenly (tan d [ 1) . Under this condition, the storage modulus is the lowest compared to the loss modulus. In fact, a viscoelastic transition occurs from solid state to liquid state and the hydrogel network breaks down (Osswald and Rudolph 2015) . In other words, the hydrogel retains its viscoelastic properties in an electrolyte environment before getting close to its critical strain. According to the results, the presence of mono and divalent cations reduced the hydrogel strength, which is in line with the results of Karimi et al. (2016) . However, a close look at the results shows that the negative impact of calcium cation was more significant. In the presence of an electrolyte solution, mono and divalent ions act like a cross-linker competing with chromium ions, which leads to gel networking reduction and also a decline in gel strength (Salimi et al. 2014; Wan et al. 2015) . It should be noted that divalent cations can bond carboxylate groups which can increase the syneresis and reduce the elasticity of the hydrogel structure. As a result, the critical strain in which the hydrogel lost its viscoelastic properties was obtained 1010% in distilled water, 862% in KCl, 493% in NaCl, 336% in MgCl 2 , and 201% in CaCl 2 .
Effect of temperature on hydrogel strength
The thermal properties of the hydrogels were also investigated using thermogravimetric analysis. illustrates the TGA and DTG curves of the hydrogel (9500 ppm polymer, polymer/cross-linker weight ratio of 0.5). The TGA profile showed the weight loss in two distinct stages: The first weight loss of about 18.5% was due to the release of typical strong hydrogen bonded water at around 175°C (initial decomposition temperature, IDT), and the second weight loss of about 46% was due to the destruction of hydrogel from 300 to 600°C (final decomposition temperature, FDT) (Zohuriaan and Shokrolahi 2004) . The second stage corresponds to the thermal and oxidative decomposition of hydrogel and also vaporization and elimination of volatile products with decomposition and depolymerization of the hydrogel (Salimi et al. 2014) . Accordingly, the total weight loss of the hydrogel was 65% at around 600°C. Thus, one can infer that the designed hydrogel retains its structure and strength at 90°C which is the selected temperature of this study and also the typical temperature of Iranian oil reservoirs.
Conclusions
In this study, the performance of polyacrylamide/chromium triacetate hydrogel was investigated to control sand production. This was performed by injecting the hydrogel through a synthetic sandpack at 90°C and measuring compressive strength to ascertain the capability of hydrogel to consolidate sand grains and restrict their movement during the production process. The effect of polymer and cross-linker concentrations, temperature, and presence of mono and divalent cations on the rheological behavior of the hydrogel was also investigated. Accordingly, the following conclusions have been drawn.
1. The bottle test results indicated that a strong gel network was developed in the presence of a crosslinker. Increases in polymer and cross-linker concentrations intensified the hydrogel strength. 2. The compression tests showed that the hydrogel was capable of increasing the compressive strength of sandpacks, so it can be recommended to be used as a strengthening agent. 3. The injection volume of the hydrogel could also affect the compressive strength of sandpacks. A 0.5 PV injection of hydrogel (with 9500 ppm polymer and 0.5 polymer/cross-linker weight ratio) could increase the compressive strength of the sandpack up to 30 psi. 4. The polymer concentration directly affected the compressive strength by network formation. So that increasing the polymer concentration led to an increase in the compressive strength as well as the total stability. Likewise, the compressive strength was also improved by increasing the polymer/cross-linker weight ratio. Consequently, a comparison of the effect of polymer and cross-linker concentrations on the compressive strength indicated that the polymer/crosslinker weight ratio had the main effect in increasing the compressive strength of the sandpack (up to 48 psi). 5. Hydrogel with a higher proportion of cross-linker can retain its viscoelastic properties against the strain without any deforming. So, hydrogel with a crosslinker/polymer weight ratio of 0.5 lost its viscoelastic behavior at the maximum strain of 122%, and with a ratio of 0.1 lost its viscoelastic behavior at the minimum strain of 42%. 6. The presence of ions in formation water affected the hydrogel structure with a critical strain value for each electrolyte solution. Overall, the hydrogel containing 9500 ppm polymer and with a polymer/cross-linker weight ratio of 0.5 retained its strength until 1010% strain as the maximum for distilled water and until 201% strain as the minimum one for CaCl 2 . Besides, divalent ions reduced the hydrogel strength more compared to monovalent ions. 7. TGA analysis showed that the weight loss of the hydrogels occurred in two different stages: initial decomposition at 175°C with a weight loss of 18.5% and final decomposition at 600°C with a weight loss of 46%.
